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Abstract: Yield and quality estimations provide vital information to fruit growers, yet 
require accurate monitoring throughout the growing season. To this end, the temporal 
dependency of fruit yield and quality estimations through spectral vegetation indices was 
investigated in irrigated and rainfed pear orchards. Both orchards were monitored 
throughout three consecutive growing seasons, including spectral measurements (i.e., 
hyperspectral canopy reflectance measurements) as well as yield determination (i.e., total 
yield and number of fruits per tree) and quality assessment (i.e., fruit firmness, total soluble 
solids and fruit color). The results illustrated a clear association between spectral 
vegetation indices and both fruit yield and fruit quality (|r| > 0.75; p < 0.001). However, the 
correlations between vegetation indices and production variables varied throughout the 
growing season, depending on the phenological stage of fruit development. In the irrigated 
orchard, index values showed a strong association with production variables near time of 
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harvest (|r| > 0.6; p < 0.001), while in the rainfed orchard, index values acquired during 
vegetative growth periods presented stronger correlations with fruit parameters (|r| > 0.6;  
p < 0.001). The improved planning of remote sensing missions during (rainfed orchards) 
and after (irrigated orchards) vegetative growth periods could enable growers to more 
accurately predict production outcomes and improve the production process. 
Keywords: temporal dependence; fruit yield and quality estimation; pyrus communis 
“conference”; hyperspectral remote sensing 
 
1. Introduction 
In capital-intensive horticultural cropping systems, estimating production or the production 
potential is essential in scheduling management decisions (i.e., fruit thinning, harvest, etc.). One of the 
difficulties, however, is the variable influence of contributing factors on fruit yield and quality during 
different phenological stages (review by [1]). For example, water deficiencies during Stage I or III of 
fruit development—cell division and fruit thickening stage—will decrease yield, while a moderate 
deficiency during Stage II of fruit development—cell expansion—has no effect on yield [2,3]. 
Traditional in situ measurements of production variables and biophysical variables are time consuming 
and labor intensive. This results in limited samples and repetitions, which are insufficient to account 
for the high spatial and temporal variability within and between orchards [4,5]. It is yet well 
acknowledged that remote sensing can provide non-destructive, time efficient and cost beneficial 
alternatives for horticulture [6–8]. 
The application of remote sensing for crop yield estimation was mostly developed for annual  
crops [9–11]. For perennials, the estimation of production properties through remote sensing was 
previously investigated for different fruit crops, such as citrus [12,13], apple [5,14], peach [15],  
olives [15] and grapevines [16]. In these studies, the focus lay mostly on the estimation of overall 
yield, as higher yields were the main interest. In recent years, however, the focus in pear production 
systems shifted more towards quality-related production characteristics, because of the willingness to 
pay more for better quality fruit [17]. Although the research on quality estimation was primarily done 
post-harvest through proximal sensing [18], several studies have estimated qualitative traits through 
remote sensing imagery at time of harvest [12,15,19] or during specific periods within the growing 
season [13,16]. However, these studies were mostly based on single-image acquisitions and did not 
account for the variable nature of the growing season. Because the relationship between spectral 
measurements and production variables could vary between different phenological stages [13], the use 
of different vegetation indices during different growing stages would be required [20]. To optimize the 
scheduling of remote sensing missions and to monitor the production potential throughout the growing 
season, the temporal profile of the association between spectral information and production variables 
requires further investigation. 
The primary goal of this study was to investigate the potential of remote sensing technology for 
estimating both production quality and quantity in pear orchards. The temporal variability of this 
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relationship throughout the growing season—i.e., optimal moments for yield and fruit quality 
monitoring—was explored for two orchards with different management and irrigation setups. 
2. Materials and Methods 
2.1. Study Area 
The irrigated orchard, planted with Conference pear trees (Pyrus communis L. cv. “Conference”) on 
Quince C rootstock, was situated in Bierbeek, Belgium (50°49′34.59″N, 4°47′42.83″E). The 2.5 m 
high trees were planted in a 3.5 by 1 meter grid in 2000 and were trained in a V-system with four 
fruiting branches on one central stem [21]. A side view of the irrigated orchard is shown in Figure 1A. 
The trees received 100% of the reference evapotranspiration (ETo) [22] throughout the growing 
season, except during Stage II of fruit development, characterized mostly by vegetative growth [3,23]. 
During this period, two irrigation treatments were applied. More information on the irrigation 
treatment can be found in Van Beek et al. [24]. Four plots of four trees each were selected on fixed 
intervals (±30 m) within four rows and monitored throughout the 2011, 2012 and 2013 growing 
seasons (48 plots). 
  
(A) (B) 
   
(C) (D) 
Figure 1. Side view of V-shaped training system used in the irrigated orchard (A); side 
view of Spindle bush system in the rainfed orchard (B); spectral measurement setup (C); 
Top view of V-system in the irrigated orchard (D). 
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The non-irrigated or rainfed orchard, situated in Kerkom, Belgium (50°46′24.25″N, 5°09′27.05″E), 
was planted with Conference pear trees on Quince A rootstock in 2000. The 3.5 m high trees were 
planted in a 3.75 by 1.75 m grid and trained in a Spindle bush system [21]. A side view of the rainfed 
orchard is shown in Figure 1B. Two adjacent rows were selected and each row was divided into eight 
plots of four trees. Root pruning was applied on one side of the stem in the beginning of the growing 
season. This treatment was alternated between sides of the stem for subsequent growing seasons. In 
each row, a root-pruned plot was alternated with a non-treated plot. In 2011, only one row was 
monitored in the rainfed orchard (40 plots). 
2.2. Ground Measurements 
2.2.1. Fruit Yield and Quality 
During the 2011, 2012 and 2013 growing seasons, harvest was carried out on Day of Year (DOY) 
230 (243), 249 (250) and 253 (261) in the irrigated orchard (rainfed orchard), respectively. Total yield 
and number of fruits was determined on four trees per plot and averaged. 
Fruit quality was determined three months after harvest with storage at −0.5 °C in a cooling cell 
without controlled atmosphere. The green background color was determined with a Konia Minolta 
chromameter through chroma and hue values at the shadow side of the fruits (i.e., the side that faces 
away from the sun) [25]. Chroma indicates the degree of departure from gray or white towards the 
pure color and is a measure of brightness, while hue angle quantifies color from red–green (0°–180°).  
Fruit firmness was measured with a penetrometer (0.5 cm2 cylinder) after removal of the skin, while 
Total Soluble Solids (TSS, °brix) was determined with a hand-held refractometer. All fruit quality 
variables were determined on 60 fruits per plot and averaged per plot. 
2.2.2. Spectral Measurements 
Throughout the 2011, 2012 and 2013 growing seasons, canopy reflectance measurements were 
collected on cloud-free days using a full range (350–2500 nm) HR-1024 spectroradiometer (Spectra 
Vista Corporation, New York, NY, USA). The canopy spectra were taken from an elevated position 
between the rows at an average height of one meter above the top of the canopy (25° field of view). 
The experimental setup is shown in Figure 1C. Within this field of view, some within-canopy shadow 
and background will always be present (Figure 1D). However, all measurements were taken after full 
canopy disclosure to negate fractional cover differences and to minimize the effect of noise from 
shadow and/or background inclusion. Between plots, instruments were calibrated with a Spectralon 
reference panel. For each plot, 5–8 sunlit canopy spectra were taken and averaged per plot. To 
minimize differences with regards to solar geometry and illumination, all measurements were 
performed within 1.5 h from local solar noon. All spectra were smoothed using a 2nd order  
Savitsky-Golay filter with a window size of 21 nm [26]. 
2.2.3. Environmental Data 
Daily precipitation (mm/day) and ETo (mm/day) were recorded and calculated at monitoring 
stations located 10 and 5 km from the irrigated and rainfed orchard, respectively (Portal of the Flemish 
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Water managers, www.waterinfo.be (visited on 27 February 2014)). Average daily amount of rain 
deficit (or surplus) was calculated based on cumulative differences of precipitation and ETo [27,28]. 
To account for data gaps and measurement errors, the precipitation and ETo data from both monitoring 
stations was averaged on a daily basis prior to the calculation of cumulative available water. 
2.3. Data Analysis 
The spectral measurements (Section 2.2.2) were related to yield and quality variables  
(Section 2.2.1) through vegetation indices. The vegetation indices were chosen because of their proven 
relationship with water status and plant health in various agricultural crops and orchards. Moreover, 
the vegetation indices were associated either directly or indirectly with fruit yield and quality in 
horticultural crops [12,13,15]. 
The Normalized Difference Water Index (NDWI; Equation (1)) [29], was applied because of the 
association with canopy water status [29]. This resulted in a direct correlation between canopy water 
status and production variables or an indirect correlation between NDWI values and fruit yield  
and quality [12,16]. 
The Red-edge Normalized Difference Vegetation Index (ReNDVI; Equation (2)) [24], a normalized 
difference ratio between the NIR (Near-Infrared; 770–895 nm) and Red-edge (705–745 nm), was 
applied as it was previously related to water status (i.e., stem water potential) and plant health in 
irrigated and rainfed pear orchards [24]. This association could provide significant correlations with 
fruit yield and quality [1,22]. The spectral bands used for ReNDVI were calculated based on the 
WorldView-2 spectral response function [30,31], similar to [24]. 
The Photochemical Reflectance Index (PRI; Equation (3)) [32] was applied because of the 
association with plant photosynthetic activity and water status and the proven relationship with fruit 
yield and quality in horticulture [13,19,33]. 
NDWI = (R860 − R1240)/(R860 + R1240) (1) 
ReNDVI = (RNear Infrared − RRed-edge)/(RNear Infrared + RRed-edge) (2) 
PRI = (R531 − R570)/(R531 + R570) (3) 
with Rx the reflectance at wavelength or band x. 
The temporal variation of the correlation between spectral information and production variables 
(Section 2.2.1) was investigated. The correlation was analyzed at four key moments in the growing 
season coinciding with phenological stages of fruit development as specified through the BBCH code 
(Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie) [34]. The considered 
phenological stages were fruitlet stage (±90 days before harvest or BBCH 71–72), end of fruit fall  
(±60 days before harvest or BBCH 73), fruit ripening (±30 days before harvest or BBCH 81) and 
harvest stage (BBCH 87). For each fruit development stage, the nearest spectral measurement was 
selected. Only measurements prior to harvest were used because of the significant change of canopy 
reflectance after harvest. The strength of correlation between vegetation indices and production 
variables was determined with the Pearson correlation coefficient (r). 
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3. Results 
3.1. Environmental Conditions 
The gradient of cumulative rain deficit from 2011 to 2013 (Section 2.2.3), shown in Figure 2,  
highlights the differences between the monitored growing seasons. Note that in 2011, a dry spring  
(DOY 150–200) caused significant rain deficiencies, which could have affected fruit cell division. 
Oppositely, in 2012 a wet spring and summer caused rain surplus throughout the fruit cell division and 
vegetative growth period (DOY 100–200 or 150–50 days before harvest). In 2013, a rain surplus was 
present until 100 days before harvest (DOY 150) or the beginning of Stage II of fruit development,  
which is mostly associated with vegetative growth [3]. Subsequently, rain deficit steadily decreased 
towards the harvest period. Overall, the yearly precipitation was below the average precipitation of the 
last decade (i.e., 622 ± 100 mm) in 2011 (546 mm) and 2013 (572 mm). In 2012, the yearly 
precipitation (711 mm) was above the 10-year-average. 
 
Figure 2. Cumulative rain deficit based on precipitation (mm/day) and ETo (mm/day) 
from 2011 to 2013 (Section 2.2.3). Vertical dotted lines indicate the approximate dates of 
full bloom, fruitlet stage (I), end of fruit fall (II), fruit ripening (III) and harvest. 
3.2. Fruit Yield and Fruit Quality 
An overview of the quantitative—total yield per tree and number of fruits per tree—and qualitative 
production variables—fruit firmness, total soluble solids, chroma and hue—is given in Table 1. 
Overall, the production in the irrigated orchard was more stable throughout the three growing seasons 
compared to the rainfed orchard. This was visible in the number of fruits per tree, the standard 
deviation of yield (kg/tree) and the relative differences between growing seasons. The rainfed orchard 
presented lower yields per tree in a dry season (2011; Figure 2), while the irrigated orchard had a more 
stable yield (i.e., number of fruits) and improved fruit quality. 
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Table 1. Overview of quantitative (i.e., total yield per tree and number of fruits per tree)  
and qualitative production variables after storage (i.e., firmness, total soluble solids (TSS), 
chroma and hue) in the irrigated and rainfed orchard for 2011–2013 (±standard deviation). 
Values were averaged over 16 plots (eight plots in 2011 for the rainfed orchard). 
Location Year 
Total Yield 
(kg/Tree) 
Number of 
Fruits per Tree 
Firmness 
(kg/0.5 cm²) 
TSS (°Brix) Chroma (°) Hue (°) 
Irrigated 
Orchard 
2011 28.4 (±3.1) 159 (±16) 5.7 (±0.4) 11.7 (±0.6) 41.5 (±1.5) 111.0 (±0.8) 
2012 17.5 (±3.0) 108 (±27) 7.0 (±0.2) 12.5 (±0.4) 41.2 (±0.6) 109.9 (±0.4) 
2013 19.1 (±2.9) 140 (±33) 7.3 (±0.3) 13.1 (±0.6) 38.3 (±0.9) 109.1 (±0.8) 
Rainfed 
Orchard 
2011 15.1 (±5.3) 90 (±32) 5.8 (±0.1) 13.2 (±0.2) 40.6 (±1.3) 108.1 (±1.7) 
2012 16.1 (±2.9) 88 (±18) 6.8 (±0.3) 12.3 (±0.3) 41.1 (±0.7) 109.7 (±0.4) 
2013 24.6 (±3.3) 170 (±36) 6.7 (±0.3) 12.9 (±0.5) 38.1 (±0.9) 107.7 (±1.5) 
3.3. Production versus Spectral Measurements 
The temporal profile of the measured vegetation indices is shown in Figure 3. Overall, the measured 
vegetation indices were less variable in the irrigated orchard throughout the different growing seasons. 
This was visible through the smaller standard deviations between measured plots and the smaller 
differences between growing seasons. 
 
Figure 3. Profile of the Normalized Difference Water Index (NDWI; a); the 
Photochemical Reflectance Index (PRI; b) and the Red-edge Normalized Difference 
Vegetation Index (ReNDVI; c) for the irrigated orchard throughout each growing season 
and profile of NDWI (d), PRI (e) and ReNDVI (f) for the rainfed orchard throughout each 
growing season. Bars represent the standard deviation between all the measured plots and 
vertical dashed lines indicate approximate dates of phenological stages of fruit 
development, namely fruitlet stage (I), end of fruit fall (II), fruit ripening (III) and harvest. 
(a) (b) (c) 
(d) (e) (f) 
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The temporal change of the correlation between spectral information (Section 2.3) and production 
variables (Section 2.2.1) was investigated at four moments in the growing season (i.e., fruitlet stage, 
end of fruit fall, fruit ripening and harvest). The results are presented in Table 2. The relationship 
between spectral vegetation indices and a selection of production variables—providing a complete set 
of vegetation indices, phenological stages and production variables—is highlighted for the irrigated 
orchard in Figure 4 and for the rainfed orchard in Figure 5. 
Table 2. Pearson correlation coefficient (r) values between production variables (i.e., Total 
Yield, Number of fruits per tree, Fruit Firmness, Total Soluble Solids (TSS), Chroma and 
Hue) and the Normalized Difference Water Index (NDWI), the Photochemical Reflectance 
Index (PRI) and the Red-Edge Normalized Difference Vegetation Index (ReNDVI) 
respectively, for the irrigated and rainfed orchard throughout the growing season.  
The correlation was considered at four phenological stages in fruit development, namely 
fruitlet stage (±90 days before harvest), end of fruit fall (±60 days before harvest), fruit 
ripening (±30 days before harvest) and harvest. For each phenological stage the closest 
spectral measurements prior to harvest was chosen. Symbols indicated significance of 
correlation. Bold values point out correlations that are depicted in scatter plots in the 
following paragraphs. 
  
Total Yield (kg/tree) Number of Fruits per Tree 
Phenological stage Fruitlet 
End of 
fruit fall 
Fruit 
ripening 
Harvest Fruitlet 
End of 
fruit fall 
Fruit 
ripening 
Harvest 
Irrigated 
Orchard 
NDWI 0.56 ٭٭ 0.19 0.22 0.73 ٭٭  0.53 ٭٭ 0.11 0.06 0.47 ٭٭ 
PRI −0.70 ٭٭ −0.02 −0.41 ٭٭ −0.50 ٭٭ −0.33 ٭ 0.01 −0.05 −0.49 ٭٭  
ReNDVI 0.12 −0.09 −0.30 ٭ −0.37 ٭٭ 0.21 −0.26 −0.13 −0.31 ٭ ٭ 
Rainfed 
Orchard 
NDWI 0.48 ٭٭ 0.12 0.59 ٭٭ 0.59 ٭٭  0.43 ٭٭ 0.04 0.64 ٭٭  0.64 ٭٭ 
PRI −0.18 0.70 ٭٭ 0.28 0.28 −0.31 ٭  0.67 ٭٭  0.18 0.18 
ReNDVI −0.02 0.66 ٭٭ 0.65 ٭٭ 0.65 ٭٭  −0.18 0.60 ٭٭  0.56 ٭٭ 0.56 ٭٭  
  
٭ Significance at p < 0.05 ٭٭ Significance at p < 0.001 
  
Firmness (kg/0.5 cm²) TSS (°brix) 
Phenological stage Fruitlet 
End of 
fruit fall 
Fruit 
ripening 
Harvest Fruitlet 
End of 
fruit fall 
Fruit 
ripening 
Harvest 
Irrigated 
Orchard 
NDWI −0.37 ٭٭ −0.12 −0.18 −0.69 ٭٭  −0.22 −0.11 −0.24 −0.62 ٭٭ 
PRI 0.79 ٭٭ −0.13 0.45 ٭٭  0.25 0.53 ٭٭  −0.06 0.59 ٭٭  0.16 
ReNDVI 0.06 −0.21 0.21 0.24 −0.22 −0.21 0.26 0.24 
Rainfed 
Orchard 
NDWI 0.23 0.07 −0.25 −0.25 −0.02 0.04 0.59 ٭٭ 0.59 ٭٭  
PRI 0.34 ٭  −0.01 0.21 0.21 −0.63 ٭٭ 0.37٭ −0.13 −0.13 
ReNDVI 0.35 ٭  0.15 0.07 0.07 −0.58 ٭٭ 0.23 0.31 0.31 
  ٭ Significance at p < 0.05 ٭٭ Significance at p < 0.001 
  
Chroma (°) Hue (°) 
Phenological stage  Fruitlet 
End of 
fruit fall 
Fruit 
ripening 
Harvest Fruitlet 
End of 
fruit fall 
Fruit 
ripening 
Harvest 
Irrigated 
Orchard 
NDWI −0.25 −0.07 0.03 0.29 ٭ 0.23 0.12 0.35 ٭ 0.60 ٭٭ 
PRI −0.47 ٭٭  0.18 −0.55 ٭٭ 0.19 −0.62 ٭٭  0.14 −0.55 ٭٭ −0.15 
ReNDVI 0.11 0.51 ٭٭ −0.21 −0.20 −0.03 0.25 −0.38 ٭٭  −0.30 ٭ 
Rainfed 
Orchard 
NDWI −0.44 ٭٭ −0.44 ٭٭  −0.66 ٭٭  −0.66 ٭٭  −0.19 −0.09 −0.53 ٭٭ −0.53 ٭٭  
PRI 0.53 ٭٭ −0.71 ٭٭ −0.26 −0.26 0.59 ٭٭ −0.53٭٭ 0.06 0.06 
ReNDVI 0.40 ٭  −0.73 ٭٭  −0.79 ٭٭  −0.79 ٭٭  0.58 ٭٭ −0.45٭٭ −0.35 ٭٭ −0.35 ٭ 
  ٭ Significance at p < 0.05 ٭٭ Significance at p < 0.001 
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In the irrigated orchard, the correlation between vegetation indices and production variables was 
dependent on the phenological stage. Spectral indices were associated to production variables in the 
beginning of the growing season (fruitlet stage) and towards the harvest. For almost all production 
variables, a significant drop was noticeable at the end of fruit fall (±60 days before harvest) compared 
to the rest of the growing season. This was illustrated between TSS and PRI values at the end of fruit 
fall (Figure 4c) and during fruit ripening (Figure 4d). NDWI values showed a positive correlation with 
production quantity (i.e., total yield and number of fruits per tree) and a negative correlation with  
quality-related production variables (i.e., firmness and TSS). Conversely, PRI and ReNDVI values 
displayed a negative correlation with production quantity and a negative with production quality. This 
was illustrated for both total yield (Figure 4a) and firmness (Figure 4b) combined with NDWI values 
at harvest. Furthermore, spectral indicators for color characteristics showed a similar gradient to 
quantity related variables, with a positive correlation with NDWI values and a negative correlation 
with PRI and ReNDVI values.  
  
  
Figure 4. Cont.  
  
(d) (c) 
(b) (a) 
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Figure 4. Scatter plots at various stages in the growing season between spectral vegetation 
indices, namely the Normalized Difference Water Index (NDWI; a,b), the Photochemical 
Reflectance Index (PRI; c,d) and the Red-edge Normalized Difference Vegetation Index 
(ReNDVI; e,f) and production variables, namely Fruit Firmness (a), Total Yield (b,f), Total 
Soluble Solids (TSS; c,d) and Chroma (e) in the irrigated orchard. All points were labeled 
for growing season. 
Similar to the irrigated orchard, the correlation between vegetation indices and production variables in 
the rainfed orchard was not constant throughout the growing season. For PRI values, the end of fruit fall 
(±60 days before harvest) showed significantly higher correlations (r > 0.6; p < 0.001) with  
quantity-related production variables compared to the rest of the growing season (Figure 5c).  
Similarly, ReNDVI values at the end of fruit fall were significantly correlated with quantity-related 
production variables (Figure 5f). Conversely to PRI values, the remainder of the growing season also 
presented high correlation coefficients (r > 0.56; p < 0.001). NDWI values were more related to both 
quantity and quality-related production variables towards the end of the growing season (|r| ≈ 0.6;  
p < 0.001). This is illustrated for TSS and NDWI values at fruitlet (Figure 5a) and fruit ripening  
stages (Figure 5b). 
In the rainfed orchard, spectral indices were more associated with color variables compared to 
firmness and TSS values. This is illustrated for PRI values at fruitlet stage and hue data  
(Figure 5d) and ReNDVI values at the end of fruit fall and chroma data (Figure 5e). However,  
in contrast with the irrigated orchard (Figure 4e), the correlation between spectral indices  
and color variables—chroma and hue—presented the reverse gradient compared to yield  
(Figure 5d,e). 
(f) (e) 
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Figure 5. Scatter plots at various stages in the growing season between spectral vegetation 
indices, namely the Normalized Difference Water Index (NDWI; a,b), the Photochemical 
Reflectance Index (PRI; c,d) and the Red-edge Normalized Difference Vegetation Index 
(ReNDVI; e,f) and production variables, namely Total Soluble Solids (TSS; a,b); Number 
of fruits per tree (c); Hue (d); Chroma (e) and Total Yield (f) in the rainfed orchard. All 
points were labeled for growing season. 
  
(f) (e) 
(d) (c) 
(b) (a) 
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4. Discussion 
4.1. Production versus Spectral Measurements 
In general, Figure 2 and Table 1 illustrated the diversity of the growing conditions during the study. 
In these diverse conditions, remote sensing information was found to be associated with production 
variables and could provide agricultural managers with a reliable estimation of quantitative (|r| > 0.6;  
p < 0.001) and qualitative production variables (|r| > 0.7; p < 0.001) prior to harvest. Upon comparison 
to previous studies, the r values between vegetation indices at harvest and quantity-related production 
variables in this study were similar or higher. For instance, |r| values between 0.3 and 0.7 (Table 2) 
compared to |r| values of 0.6 for water related indices in vineyards [16] and between 0.2 and 0.6 for 
PRI in citrus orchards [13]. With regards to quality-related production variables, the association with 
vegetation indices yielded comparable r values as other studies. An |r| value of 0.41 was found between 
TSS and PRI values 45 days before harvest (i.e., between end of fruit fall and fruit ripening) in citrus  
orchards [19]. In vineyards, TSS was associated to water content related indices at harvest (|r| value  
of 0.5) [16]. Similarly to Serrano et al. [16], this study showed that water related indices (i.e., NDWI), 
plant health (i.e., ReNDVI) and plant photosynthetic activity indices (i.e., PRI) were related to total 
yield per tree and to fruit quality (Table 2). However, the choice of vegetation index was important, as 
the temporal dependence of these correlations was variable for different vegetation indices and 
between orchards (Figures 4 and 5 and Table 2). 
The differences between the irrigated and rainfed orchard could be attributed to the differences in 
water availability at critical stages in the growing season (Figure 2), but could also be the result of 
differences in vigor for the different rootstocks [35] and training systems. In the rainfed orchard, the 
relationships between vegetation indices and production variables were more variable throughout the 
growing season. The absence of irrigation during dry periods possibly increased the influence of 
environmental conditions on TSS and fruit firmness (i.e., water availability [36], amount of  
sunlight [37] and daily temperature [38]) and resulted in a variable correlation throughout the growing 
season (Figure 5c,b). The correlation between ReNDVI values and production variables was highly 
variable between both orchards (Figure 4e and Figure 5f). This might be caused by the underlying 
relationship with stem water potential [24]. As a result of the deficit irrigation treatment in the irrigated 
orchard, large stem water potential differences were maintained during the end of fruit fall without 
significant fruit yield and fruit quality differences because of the ability to irrigate in later stages of 
fruit development. In the rainfed orchard, the potential stem water differences caused by the root 
pruning treatment would result in increased water deficiency [39] which in turn led to decreased fruit 
yield and improved fruit quality [27]. A similar trend was also visible for PRI values because of the 
association with stem water potential [40]. 
The correlation between vegetation indices and production variables was more stable throughout the 
growing season in the irrigated orchard, because of the possibility to irrigate during dry periods. This 
was also visible for the spectral vegetation indices (Figure 3), which were more stable towards the end 
of the growing season compared to the rainfed orchard. During the deficit irrigation period (≈ end of 
fruit fall), large differences were achieved without significant fruit yield and fruit quality differences 
because of the ability to irrigate in later stages of fruit development. Therefore, the optimal period for 
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remote sensing measurements in irrigated orchards would be before or after the vegetative growth 
period (i.e., less than 30 days before harvest; Figure 5a,b,d), as small spectral differences would not 
result in variable fruit yield and quality in the vegetative growth period (Figure 5c). Measurements in 
the rainfed orchard at the end of fruit fall—associated with minimized fruit growth and more 
vegetative growth [3,23]—provided a good estimation of production quantity through ReNDVI  
(r = 0.66; p < 0.001; Figure 5f) and PRI (r = 0.67; p < 0.001; Figure 5c). Oppositely, water availability 
differences had a larger impact on the total production towards the end of the growing season, which 
resulted in higher |r| values between total yield and NDWI (r ≈ 0.6; p < 0.001; Table 2). 
4.2. Potential and Limitations 
With the use of remote sensing, the estimation or prediction of production and visualization of 
optimal monitoring periods could be determined (Table 2 and Figures 4 and 5). This would allow 
remote sensing to visualize the large spatial variability (>20 kg/tree) [4,5] present within each orchard 
and optimize and schedule management procedures—deficit irrigation [27], summer pruning [39], root 
pruning [39], fruit thinning [41], fertigation [42] and harvest—throughout the growing season to 
improve production quality and yield [7]. However, several limitations remain with the use of remote 
sensing for the estimation of the orchards’ production potential. 
Although the results indicated a good correlation between spectral measurements and production 
variables, this relationship was dependent on the growing season (Figures 4 and 5). This was the result 
of highly variable weather conditions (Figure 2). Moreover, the alternate bearing tendency of some 
horticultural crops could cause large differences in subsequent growing seasons [13]. In this study,  
some alternate bearing was present (Table 1), especially in the rainfed orchard. However, the effect 
was smaller compared to other studies [13] because of the parthenocarpic tendency of Conference 
pears and the lack of return bloom inhibition by seeds [43]. Larger time series could provide more 
stable estimations of fruit yield and fruit quality because of the link between climatic differences and 
production potential. Moreover, larger time series would also provide information on the reliability of 
remote sensing data during each phenological stage in the growing season. 
Conversely to annual crops [9–11], the significant correlations between vegetation indices and 
production variables were not the result of a direct relation between above ground biomass and crop 
yield [44]. The present season’s growing conditions have a smaller impact compared to annual crops, as 
the amount of fruit buds (i.e., production potential) is influenced by crop load [45] and the plants’ water 
status [27,39,46] of the previous growing season [1]. The correlation between production variables and 
vegetation indices most likely stemmed from the association with vegetative growth and the relationship 
between vegetative growth, water status and production [14,47,48]. Trees with more vegetative growth 
produced less flower buds (i.e., decreased number of fruits and total yields), as a result of the 
considerable consumption of water from excessive vegetative growth [47]. The spectral vegetation 
indices provided an overall indication of plant health—plant vigor [24], water content [24,29,32], 
photosynthetic efficiency [32]—which in turn was related to production variables. Because of the 
indirect nature of this relationship, several periods within the growing season showed insignificant 
correlation between vegetation indices and production variables (Figures 4a and 5a). 
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One of the difficulties with production estimation in orchards is the trade-off between fruit yield and 
fruit quality [16,28,36,42,49]. This link between fruit quality and quantity was also visible in the 
irrigated orchard (Table 1; Figure 4a,b; Figure 5e,f). For PRI values, a positive correlation was present 
with fruit firmness and TSS and a negative correlation was found with total yield, similarly to  
Serrano et al. [16]. Overall, a healthier tree in the irrigated orchard (i.e., higher PRI values) produced 
better quality fruit, while increased water availability (i.e., higher NDWI values) increased fruit yield. 
In the rainfed orchard, a healthier tree (i.e., higher PRI values) and increased water availability (i.e.,  
higher NDWI values) both led to the production of more fruits with lower fruit quality (i.e., yellowing 
of fruit) [36]. 
In this study, the relationship between vegetation indices and production variables was shown to 
differ between irrigated and rainfed orchards (Figures 4 and 5 and Table 2), as a result of water 
availability and rootstock differences [35]. Although this might obstruct practical use of prediction 
models over larger areas, previous studies in orchard crops could distinguish irrigated from rainfed 
orchards [50]. As a result, the analysis could be adjusted based on these methodologies or through 
cooperation with fruit growers. Ultimately, the production estimates from remote sensing could only 
provide an indication of the production potential, as extreme conditions or circumstances—storms, hail 
or bird damage—could damage the crops. On the other hand, with the incorporation of environmental 
conditions into crop models, further improvement of horticultural production estimation and 
management should be achievable. 
5. Conclusions 
Remote sensing provides an alternative to time consuming, labor intensive and destructive in situ 
measurements required for yield and quality monitoring and estimation. In this study, an irrigated and 
a rainfed orchard were monitored with hyperspectral sensors through three subsequent growing 
seasons, demonstrating the potential of spectral measurements for the prediction of quality—fruit 
firmness and total soluble solids—and quantity-related production properties—total yield and amount 
of fruits per tree—throughout the growing season. 
The results illustrated an association between vegetation indices—the Normalized Difference Water 
Index (NDWI), the Photochemical Reflectance Index (PRI) and Red-edge Normalized Difference 
Vegetation Index (ReNDVI)—and both fruit yield and fruit quality variables (|r| > 0.6; p < 0.001). 
However, the relationship between spectral indicators and production variables was variable 
throughout the growing season and between orchards. This temporal dependency demonstrated the 
usefulness of remote sensing and the necessity of optimized scheduling and interpretation of the results. 
In the rainfed orchard, NDWI values at harvest showed a positive correlation with yield (r ≈ 0.6;  
p < 0.001), while PRI and ReNDVI values at the end of fruit fall (±60 days before harvest) were 
strongly related to yield (r > 0.6; p < 0.001). In the irrigated orchard, PRI values near harvest showed a 
positive correlation with fruit firmness and TSS (r ≈ 0.5; p < 0.001), while NDWI values showed the 
reverse gradient (r ≈ −0.6; p < 0.001) and ReNDVI values showed no significant correlation. At the 
end of fruit fall—characterized by vegetative growth (± 60 days before harvest)—vegetation index 
values in the irrigated orchard were not correlated with yield and fruit quality. 
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Despite diverse conditions, remote sensing technology was able to correlate with production 
variables and could provide fruit growers with a reliable estimation of their production quantity  
(|r| > 0.7; p < 0.001) and quality (|r| > 0.7; p < 0.001) for several periods in the growing season. The 
results in this study highlighted the necessity of the careful use and selection of vegetation indices and 
monitoring times. Overall, these indices could enable managers to predict fruit yield and quality 
several months prior to harvest, allowing for optimized scheduling of management processes, such as 
deficit irrigation, hand thinning, fertigation and fruit harvest. 
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